Abstract-This paper presents a novel bunch current measurement system based on an ultrafast photodetector and a high-speed digitizer at Hefei light source II (HLS II). We use a metal-semiconductor-metal photodetector to measure the emitted optical synchrotron radiation intensity directly, representing the bunch current intensity. To achieve bunchby-bunch resolution, the sampling rate of the system is nearly 225 GS/s, which is achieved via a dedicated equivalent sampling algorithm. The detailed description of the experimental setup and the equivalent sampling algorithm are presented. According to preliminary tests of the daily operation mode and singlebunch mode, the measured root-mean-square of the beam current is ∼1%, which shows that the new system satisfies the requirements for high-precision bunch current measurements. In addition, experimental results of the "HLS" Morse-code fill pattern mode demonstrate that this system could also be a convenient and robust tool for beam top-up modes in the future.
. The bunch length is approximately 50 ps, and each RF bucket has a width of 4.9 ns.
The bunch current is a crucial parameter for storage ring operation. Operators can roughly determine the storage ring working status from the bunch current measurement system. In addition, for some experiments that are spatially and temporally sensitive, it is necessary to analyze how various bunch currents affect their results to improve machine stability. At present, the beam position monitor (BPM) is well known for bunch current measurement. Usually, BPM has four electrodes, and the induced signals of four electrodes are summed to calculate the bunch current [2] - [8] . The other solution is to measure synchrotron radiation intensity directly by using an optical diagnostic system based on an ultrafast photodetector [9] , [10] . Then, bunch current intensity can be obtained by the radiation intensity. The advantages of the optical system are that it is low cost and has a high bandwidth.
In this paper, we adopt the latter method to measure the bunch current in different operation modes. Moreover, to achieve bunch-by-bunch resolution, we propose an equivalent sampling algorithm to drive the system sampling rate up to nearly 225 GS/s.
The experimental setup and equivalent sampling algorithm are described in Sections II and III, respectively. The measurement results and analysis are given in Section IV.
II. EXPERIMENT SETUP
HLS II has two optical diagnostic beamlines, B7 and B8. An interferometer system and a simple imaging system were installed at beamline B7 and beamline B8, respectively [11] . Due to restrictions on the optical platform and light intensity, beamline B8 is employed to establish the new measurement system. We use three focusing lens, two splitters, and three optical filters to form a 1:1 primary image of the beam. Fig. 1 shows the layout of the bunch current measurement system. The visible part of synchrotron radiation is focused onto a Hamamatsu G4176-03 ultrafast metal-semiconductormetal (MSM) photodetector [12] . This photodetector has a small photosensitive area of 200 µm 2 and a 30-ps rise time. In addition, the spectral response of the G4176-03 MSM photodetector ranges from 450 to 870 nm. Therefore, it is ideally suited for bunch-by-bunch current measurement. The G4176-03 MSM photodetector needs a bias voltage, which is provided by a mini-circuit ZFBT-6GW-FT bias tee, to operate in an avalanche region.
The output, a weak photocurrent signal, is amplified by two cascaded mini-circuits ZFL-1000LN amplifiers. Subsequently, the magnified signal is sampled and recorded by an NI PXIe-5162 high-speed digitizer. The digitizer has a 5 GS/s maximum real-time sample rate with 10-b quantization accuracy and 1.5-GHz bandwidth. To achieve synchronous sampling, the signal of 1 Hz, which is provided by the HLS II timing system, is used as the trigger signal for the digitizer. Finally, the data are processed by a special algorithm and then transferred to the control room via an experimental physics and industrial control system (EPICS) interface.
III. EQUIVALENT SAMPLING ALGORITHM
As mentioned above, the harmonic number is 45, the width of RF bucket is 4.9 ns, and the bunch length is 50 ps. The duty ratio is almost 0.06. Using the NI PXIe-5162 digitizer real-time sample mode, we can obtain only 1102 points when the revolution frequency is 4.534 MHz. Each bunch receives less than two points to restructure the waveform. Obviously, the 5 GS/s sampling rate fails to restore the signal exactly.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. A specialized equivalent sampling algorithm is employed to obtain enough sampling points to reconstruct the beam waveform [13] . It works by mapping sampling points to corresponding positions in the first circle using the moments of sampling points. Considering the data processing speed and memory size of the NI PXIe-5162 digitizer, 45 circle data (49 590 sampling points) are recorded during one trigger period. The moment of each sampling point is calculated by
(1) where i is the number of the sampling points and is the ceiling function. Almost 66 points are used to rebuild each bunch waveform in the time domain. The effective sampling rate is nearly 225 GS/s, which is enough to reconstruct beam current shape in the longitudinal direction.
A 4.534-MHz sine wave was chosen to be a source signal to simulate this algorithm as shown in Fig. 2(a) .
As shown in Fig. 2(b) , there were deviations in the head and tail portions of the single-period sine wave. The reason for these deviations is that the moment values of some points are negative due to being ahead in time. In fact, since the sampling point must be integer, 1102 integer points are adopted in (1) as the data for each turn. However, approximately 0.78 of the sampling point information is not used in each turn because of the following relation: f sample /f rev = 5 × 10 9 /4.534 × 10 6 ≈ 1102.78. Due to this cumulative effect, (n − 1) × 0.78 sampling points are ahead in time in the nth turn of data, where is the floor function. For example, the 2205th sampling point should be the point of the second turn instead of the third turn because of the cumulative effect. Thus, the 2205th sampling point is ahead in time when we map this point to first circle. According to (1) , the moment of the 2205th sampling point is −0.1116 ns, which is consistent with the above inference. The 3307th and 3308th sampling points are in the same situation, and so on. In short, we find that 750 sampling points are ahead in time when the number of sample circles is 45. The moments of these points are modified by
Finally, an accurate sine signal was reconstructed with this modification and is shown in Fig. 2(c) . The absolute bunch current is determined by the proportion of each bunch current in all bunches and the average current value measured by the direct-current current transformer (DCCT) system. The integral method or the peak method can be used to calculate the proportion. According to [14] , the normalized calibration factor error is smaller when the integral method is chosen due to the bunch lengthening. Therefore, in this paper, we calculate the proportion by the integral method. The calibration factor is obtained by
where S j is the integral value of each bunch and I dcct is the average current value read from the database of the EPICS host via LAN. Thus, the absolute current of each bunch is given by
IV. RESULTS AND ANALYSIS
During the daily operation mode of HLS II, asymmetric bunches with 35 buckets are injected into storage ring. The beam current measurement results are shown in Fig. 3 . The reconstructed single turn waveform is shown in Fig. 3(a) . In total, 35 buckets have been detected. Each bucket has 1102 sampling points. Different signal amplitudes in each bucket indicate that the bunch currents are uniform, which is consistent with injection settings. The absolute bunch current values are calculated by (3) and (4), as shown in Fig. 3(b) .
To further test the capability of this system, a single-bunch mode is injected. As Fig. 4(a) shows, the signal is detected by the MSM photodetector and the current value is shown in Fig. 4(b) .
Without loss of generality, we obtain the relative error distribution of bunch 21 when its current has decayed from 8.9 to 6.5 mA, as shown in Fig. 5 . The root-mean-square of distribution is approximately 1%, which shows that this measurement system has high resolution. In conclusion, this system appears to be operating successfully, and its measurement results are reliable.
Top-up mode is becoming the standard mode at most of third generation light sources [15] . In beam top-up mode, beam losses are continuously compensated by injections occurring every few minutes, leading to an almost constant average current. The injection system must have the ability to inject electrons into arbitrary RF buckets in the storage ring. Therefore, this measurement system must be able to detect the accurate real-time fill pattern and calculate the bunch current value. To test this ability, a special "HLS" fill pattern, which is coded by international Morse code, is injected into the storage ring. Using one filled bunch for "dot" and three successive filled bunches for "dash." The interval between the two "dots" is two buckets. Thus, the "HLS" Morse code is "• • ••, •-••, ••• ." As Fig. 6 shows, the "HLS" fill pattern was successfully injected into the storage ring and detected by this system.
V. CONCLUSION
The design, construction, and signal processing algorithm of the bunch current measurement system based on an MSM photodetector and a high-speed digitizer are presented. Using this system, we successfully measured the beam current in daily operation mode and single-bunch mode. Preliminary experimental results and error analysis show that this system meets the design requirements. Real-time measurement of the bunch current at bunch-by-bunch resolution is achieved. In addition, experimental results of the "HLS" Morse-code fill pattern mode demonstrate that the system could also be a useful tool for beam top-up mode in the future. More experiments will be conducted to improve the measurement resolution for machine studies and daily operation.
